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abstract 


&n  analytical  approach  is  taken  to  the  comparison  of 
different  disk  scheduling  policies  in  terms  of  average  waiting 
time.  The  results  are  combined  with  similar  ones  due  to  Coffman 
et  al<6>.  The  comparisons  confirm  conclusions  reached  using 
simulation  technigues<4> ;  in  particular,  it  is  shown  that  SCAN 
and  CSCAN  are  the  "best"  of  the  algorithms  considered. 

Seme  results  for  the  shortest  seek  time  first  policy  are 


also  presented. 
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A  COMPARATIVE  ANALYSIS  OF  SEVERAL  DISK  SCHEDULING  ALGORITHMS 

Introduction 

The  high  cost  of  computer  systems  has  produced  a  great  deal 
of  effort  in  attempts  to  maximize  the  utilization  of  these 
systems.  Since  the  service  time  of  many  jobs  is  largely 
determined  by  the  time  these  jobs  spend  doing  I/O,  much  work  has 
concentrated  on  the  scheduling  of  the  I/O  requests  and,  in 
particular,  the  scheduling  of  requests  on  particular  disk  or 
drum  units. 

The  comparison  of  disk  scheduling  algorithms  may  be  done 
either  analytically  <1,2,3,5,6>  or  by  simulation  <4>.  We  follow 
the  analytical  approach  in  this  paper.  To  this  end,  we  adopt 
Coffman's  <6>  rather  simple  model  of  a  single  head  disk.  The 
discrete  cylinders  of  the  disk  are  replaced  by  the  interval 
(0,1)  and  the  speed  at  which  the  head  moves  is  a  constant,  a. 
Arrivals  of  reguests  are  assumed  to  be  Poisson  distributed  with 
mean  arrival  rate,  X  .  Incoming  requests  are  assumed  to  demand 
service  at  addresses  in  the  interval  (0,  1)  according  to  some 
arbitrary  but  given  probability  density  function  f  (x) .  The 


cumulative  distribution  of  x  will  be  denoted 


o 


The  validity  of  the  Poisson  assumption  has  been  established  by 
empirical  measurements  <4>.  The  use  of  a  continuous  interval  to 
represent  the  cylinders  is,  clearly,  only  justified  when  the 
number  of  cylinders  is  large. 

Our  final  assumption  is  that  the  time  it  takes  to  service  a 
request,  exclusive  of  seek  time,  is  a  constant,  T.  T  includes 
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rotational  delay  and  transfer  time.  Of  course,  this  is  not  an 
accurate  assumption,  but  sore  complex  assertions  are  not  likely 
to  enhance  our  ability  to  compare  different  scheduling 
algorithms.  As  Coffman  <6>  points  out,  rules  to  minimize 
rotational  delay  are  independent  of  rules  which  determine  head 
movement. 

Scheduling .Algorithms 

The  (perhaps)  most  commonly  used  algorithm  is  FIFO  under 
which  requests  are  processed  in  their  order  of  arrival.  It  can 
be  shown  that  the  expected  seek  time  to  the  next  reguest  to  be 
serviced  is 


s=a/3 

The  point  at  which  FIFO  overloads  is  at 

1 

a/3+T 

Another  commonly  discussed  schedule  is  SSTF  (shortest  seek 
time  first).  In  our  model,  this  scheme  selects  the  job  in  the 
queue  that  is  physically  closest  to  the  current  head  position. 
SSTF  is  an  improvement  over  FIFO  in  the  sense  that  additional 
information  (request  position)  is  used  in  the  schedule.  There 
are,  however,  several  apparent  drawbacks  to  SSTF.  Although 
expected  waiting  time  may  be  low,  it  seems  likely  that  several 
requests  may  wait  for  a  very  long  time  particularly  if  they 
arrive  far  from  the  current  head  position.  This  discrimination 
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against  certain  requests  would  result  in  a  high  variance  in 
waiting  times,  a  fact  which  is  confirmed  by  simulations  <4>.  It 
is  likely  also  that  SSTF  discriminates  against  requests  at  the 
extremities  of  the  disk. 

Several  scheduling  rules  have  been  proposed  to  minimize  the 
drawbacks  of  SSTF  while  still  keeping  the  expected  waiting  time 
small.  One  of  these  rules  is  SCAN  <1>;  here,  the  head  scans  from 
one  end  of  the  disk  to  the  other,  processing  requests  as  it 
finds  them.  For  purposes  of  analysis,  the  SCAN  rule  always 
causes  the  head  to  move  to  the  ends  of  the  disk.  For  practical 
implementations  Teorey  and  Pinkerton  <4>  have  suggested  a 
modification  of  SCAN,  called  LOOK,  under  which  the  head  reverses 
direction  either  at  a  disk  extremity  or  when  there  are  no 
further  requests  to  service  in  front  of  the  head. 

An  alternative  rule  to  SCAN  is  FSCAN.  Under  FSCAN,  the 
requests  that  are  serviced  during  a  scan  are  those  that  arrived 
during  the  previous  scan.  The  scan  is  preceded  by  a  move  of  the 
disk  head  to  the  nearer  of  the  disk  extremities.  As  for  the  SCAN 
rule,  we  shall  assume  that  the  head  always  moves  to  the 
boundaries  of  the  disk  before  changing  direction. 

CSCAN<4>  is  an  attempt  to  reduce  the  variance  of  waiting 
times  under  SCAN.  The  reasoning  is  as  follows:  at  heavy  loading, 
a  request  arriving  at  a  disk  extremity  just  after  the  head  has 
left  must  wait  for  the  head  to  finish  two  complete  scans.  The 
CSCAN  policy  is  similar  to  SCAN  with  the  exception  that  scans 
are  performed  in  one  direction  only.  A  scan  is  followed  by  a 
move  of  the  disk  head  to  its  starting  position.  Under  CSCAN,  the 
maximum  waiting  time  is  the  length  of  one  scan  plus  the  short 


' 
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time  for  repositioning  the  head.  Clearly,  the  variance  of 
waiting  time  will  be  lower  for  the  CSCAN  rule  at  the  expense  of 
a  slightly  larger  expected  waiting  time.  Teorey  and  Pinkerton 
<4>  have  defined  a  policy  called  C-100K  which  is  the  parallel  of 
LOOK  for  CSCAN.  As  before,  we  assume  the  head  always  moves  to 
the  very  end  of  the  disk  before  moving  tack  for  another  scan. 

Another  possible  schedule  will  be  called  F-CSCAN.  The  rule 
is  very  similar  to  CSCAN  with  the  modification  that,  during  a 
scan,  only  those  requests  that  arrived  during  the  last  scan  are 
serviced. 

The  Evaluation  of  Scheduling  Pglicies 

In  this  paper,  we  will  compare  scheduling  rules  with 
respect  to  the  expected  waiting  time,  W,  of  any  request,  and,  in 
particular,  the  average  waiting  time  conditioned  on  the  position 
of  the  request,  W  (x) .  By  waiting  time,  we  mean  the  time  between 
the  arrival  of  a  request  and  the  instant  at  which  the  head 
arrives  at  the  correct  cylinder.  There  are  several  reasons  for 
using  average  waiting  time  as  our  metric: 

i)  our  goal  is  the  comparison  of  several  scheduling  policies  and 

not  the  evaluation  of  the  "best"  rule; 

ii)  the  analysis  required  to  obtain  other  quantities,  such  as 
the  variance  of  waiting  times,  is  extremely  difficult  (in 
fact,  the  only  results  in  the  area  seem  to  have  been 
obtained  via  simulation) . 

In  <6> ,  Coffman  et  al  develop  expressions  for  W(x)  for  SCAN 
and  FSCAN.  Their  techniques  are  fairly  general  and  will  be  used 
in  the  following  sections  to  analyse  CSCAN  and  F-CSCAN, 
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Analysis  of  CSCAN. 

Let  us  define  a  function  yn  (x)  as  the  time  it  takes  for 
the  disk  head  to  move  from  the  left  hand  side  of  the  disk  (x=0) 
to  position  x  on  the  nth  scan.  The  average  number  of  requests 

st 

that  CSCAN  services  in  an  interval  (x,x+Ax)  on  the  n+ 1  scan  is 
Af  (x)ax  (yn{1)-yn(x) +yn+i(x) +a)  .  Thus  we  have 

(2)  E(yn  +  1<x+Ax)  I  y  n<M  (x)  ,yn  <x)  ,yn  <1))=yn^  (x) +aAx 

+TXf  (x)  A x  (yn  (1)  -yn  (x)  +y  n<M(x)  +a) 


Unconditioning  (2),  we  get 


(3)  y  (x+Ax)  -y  (x)  +aAx+ATf  (x)ax  (yn  (1)-yn  (x)  +y  n+1  <x)  +a) 

ft+1  n+1 

If  we  let  7(x)=lim  y  (x)  (which  exists  if  AT<1,  that  is  if 

n  1 

statistical  equilibrium  is  reached)  we  find  that 


(4)  y  (x+ax)  =y  (x)  +aAx+ATf  (x)ax  (y  (1)  >a) 


Letting  Ax->  0  in  the  usual  way,  we  obtain 


(5) 


y'  (x)  =a+ATf  (x)  (y (1) +a) 
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(5)  is  easily  solved  with  the  initial  condition  y (0)  =  0, 

yielding 


_  2a 

(6)  y  (x)=ax  ♦  XT( - )  F  (x) 

1-XT 


We  may  now  use  y  (x)  to  derive  expressions  for  Wjjxlv), 
mean  waiting  time  of  a  request  at  position  x,  given  that, 
the  request  arrived,  the  head  was  at  position  v  and  moving 
direction  d. 


the 

when 

in 


(7) 


Wr  (x  j  v) 


y  (1)  -y  (v)  *a+y  (x) 
y(x)  -  y(v) 


W^fxlv)  =  av  ♦  y(x) 


0  <  x  <  v  <  1 
0  <  v  <  x  <  1 


To  remove  the  conditioning  on  v,  we  must  find  the 
probability  density  function  (pdf)  for  v  conditioned  on  the  head 
direction.  We  shall  assume,  following  the  arguments  of  Coffman 
et  al  <6>,  that  the  cumulative  distribution  of  v  is  given  by 
P(v|d)  = (expected  fraction  of  time  head  is  in  the  interval  (0,v) 
(given  the  head  direction. 

Thus  we  have 


P  (v  |r)  =  y  (v)  /y  (1) 


(8) 


P  (v  j  1)  =  av/a 


. 
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The  pdf's  are 


(9) 


P  (v  1  r)  =y '  (v)/y  (1) 


P  <v  1 1)  =  1 


and  the  unconditioned  wait  times  are 


(10) 


»r(x)  =  /[y  (x)-y  (v)  ]p(vjr)d  w*  f  [  y  (1) -y  (v)  +a  +  y  (xj 

a  a  1-AT 

- - +  -  "  y  (X)  ( - ) 

i- At  2  i+At 


wi  =  X  <av+y  <x) ) dv 

=  a/2  ♦  y  (x) 


To  remove  the  conditioning  on  head  direction, 
Prob  (d)  as  the  probability  of  direction  d,  and  we 
with  the  overall  proportion  cf  time  the  head  spends 
this  direction.  Thus 


y { 1)  1+AT 

Prob  (r)  = - = - 

a+y  ( 1)  2 

(11) 

a  1-AT 

and)  2 


]p (v  Jr) dv 


we  define 
identify  it 
moving  in 


Prob  (1) 


. 


- 
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Now  we  have 

H  (x)  =  Hr  (x)  Prob(r)  ♦  K^x)  Prob(l) 

which  on  substituting  (10)  and  (11)  yields 

_  a 

(12)  W(x)  = - 

1-AT 

Our  first  observation  is  that  CSCAN  does  not  discriminate 
against  requests  in  any  particular  position.  At  this  point  it 
might  be  informative  to  compare  similar  results  for  SCAN  and 
FSCAN  obtained  by  Coffman  et  al  <6>. 

2a 

SCAN:  W  (x)  = - (  ((x-1/2)  (1-AT)  +AT (F (x) -  1/2) )  1/4) 

1-AT 

(13) 

a+AT2/2 

FSCAN:  W  (x)  - - - 

1-AT 

It  is  easy  to  see  that  CSCAN  is  uniformly  better  than 
FSCAN.  Coffman,  Klimko,  and  Ryan  <6>  have  shown  that  the 
behaviour  of  W (x)  for  SCAN  is  such  that  W  (0) =W  ( 1) =a/ (1-AT)  and 
W  (x)  is  strictly  decreasing  for  0<x<xo  and  strictly  increasing 
for  xQ<x<1  for  some  xD,  0<xo<1.  That  is  W  (x)  is  a  concave 
function  on  the  interval  (0,1)  with  a  minimum, 

H  (xQ) =a/  (2  ( 1-AT) ) .  Hence,  SCAN  is  never  worse  than  CSCAN  and,  at 
best,  causes  the  average  request  to  wait  only  half  as  long.  The 
last  obervation  verifies  the  intuitive  observation  made  in  a 
previous  section,  that  CSCAN  may  decrease  the  variance  of 
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waiting  time,  compared  to  SCAN,  at  the  expense  of  slightly 
longer  waiting  times.  It  is  quite  possible  that  the  improved 
variance  under  CSCAN  may  outweigh  the  difference  in  mean  waiting 
tiae.  Also,  CSCAN  does  not  suffer  from  the  positional 
discriaination  of  SCAN. 


Anali 


F-CSCAN 


The  analysis  of  F-CSCAN  will  be  similar  to  that  for  CSCAN. 
We  will  find  later  that  we  need  to  have  expressions  for  n  and 
n2,  where  n  is  the  number  of  requests  serviced  in  one  scan.  To 
obtain  these  expressions,  we  use  an  argument  very  similar  to 
Coffman’s  <6>. 

First,  let  us  define  a  random  variable  Xn  which  will 
represent  the  number  of  requests  serviced  on  the  n^h  scan.  If 


t  hen 


=Prob  (Xn-ti 


=j |Xn=i) 


qj  =Prob  (Xn=  j) 

(1“)  =£qjj  g  j 

i=o 

Intuitively  gj  and  q:j  are  independent  of  time  (i.e.,  of  which 
scan  we  are  dealing  with).  To  obtain  n  and  n2,  we  first 
the  moment  generating  function 


obtain 


- 


■ 
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Substituting  (14) ,  we  get 

oo  oa 

(IS) 

l=o  j=o  J 

Because  of  our  assumption  of  Poisson  arrivals,  we  have 


(Mti+a))' 


i 


e 


X(t^+a) 


where  ti=iT+a,  the  time  for  a  scan  which  services  i  requests. 
That  is,  q^j  is  simply  the  probability  of  j  arrivals  in  the  time 
it  takes  for  one  scan  of  i  requests,  t^  ,  plus  the  time  it  takes 
to  reposition  the  head. 

By  substituting  the  above  expression  into  (15) , 
interchanging  the  order  of  summation,  and  recognizing  one  of  the 
resulting  sums  to  be  the  Taylor  expansion  of  an  exponential,  we 
obtain 


(16) 


-  2.a\(i-z) 

Q  (z)  ~  £ 


Q  ( £ 


AT(Z-I) 


) 


Differentiating  and  setting  Z=1,  we  obtain  the  first  two  moments 


2aX 

n= - - 

1-AT 

2aA(2aA+2aA2T+  1) 
n2= - 

(1-AT)  (1-X*T2) 


(17) 


1 1 

We  now  derive  expressions  for  W ^  (x|n),  the  mean  waiting 
time  for  a  request  at  position  x,  given  the  head  is  moving  in 
direction  d  and  that  it  is  servicing  n  requests  on  this  scan. 
Assuming  all  scans  are  done  left  to  right,  we  define  a  function 
y(x|n)  as  the  time  it  takes  for  the  head  to  move  from  0  to  x  on 
a  scan  servicing  n  requests  and  another  function  y(x|n)  which  is 
similar  to  y(xjn)  except  that  the  time  is  conditioned  on  the 
number  of  requests  in  the  previous  scan. 

Proceeding  as  we  did  for  CSCAN,  we  obtain 


(18) 


y  (x  1  n)  =ax  +  nTF  (x) 
y  (x  J  n)  =ax  +  ATF  (x)  (2a+nT) 


As  a  result. 


(19) 


Wr(xjn,v)=y(1jn)-y(vln)  +a+Y  (x  |  n) 
¥^{x|  n,  v)  =av  +  ax+>kTF  (x)  (2a  +  nT) 


To  remove  the  conditioning  on  v  in  Wj(x|n,v),  we  define  the 
quantities  p{vjr,n)  and  P(vjl,n)  as  we  did  in  (8)  to  get  the 
probability  density  function  of  head  position 

p  (v  |  r ,  n)  =y  '  (v|n)/y  ( 1 1  n) 


p  (v  1  l,n)  =  1 


. 


. 
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Using  these  quantities,  we  obtain 

Wr  (x | n) =1/2  y  (1 |n) +a+f  (x|n) 

(20) 

(x|n)=a/2*ax+ATF (x)  (2a  +  nT) 

As  before,  we  identify  the  probability  of  the  head  moving 

in  direction  d  with  the  expected  fraction  of  time  the  head 

spends  moving  in  that  direction. 

y (1  In) 

Profc  (right) n) =- - 

y (1  In) *a 

a+nT 

nT  +  2a 

(21) 

a 

Prob  (left | n ) - - 

y ( 1 1 n) +a 

a 

Therefore,  nT+2a 

(22)  "w (x |n) =ax+\TF (x)  (2a+nT) +1/2 (2a+nT) 


To  obtain  the  final  result,  the  conditioning  on  n  must  be 
reioved  from  (22) .  We  know  that 

(23)  W  (x)=2[pnW  (x|n) 

r\=o 

where  pn  is  the  probability  of  a  request  arriving  during  a  scan 
(or  during  the  time  the  head  is  being  repositioned)  that  serves 
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n  requests.  Hence,  pn  is  given  by 


(tn+a)gn  nT+2a 

(24)  Pn  =  ^ - - 

2_(t*+a)g:  nT+2a 
i-o 


since  arrivals  occur  uniformly  spaced  in  time. 

Substituting  (24)  into  (23)  we  get 

_  4a2  +  4anT  +  rT2T2 

W (x) =ax  + ( 1/2+ATF  (x) )  ( - - - ) 

nT  +  2a 

Using  the  moments  of  (17),  we  find  after  simplification 

that 


1 

(25)  W  (x)  - - (XT2  +  2a  (1+XT) +2ax  ( 1-X2T2) +2XTF  (x)  (2a+2a\T+XT2 ) ) 

2(1-  X2i2) 


(25)  can  be  rewritten  in  the  form 


a  \T2  XI  (4a  +  4aXT  +  2XT2) 

V  (X)  = - ♦ - - - +  ax  +  F  (x) - 


1  — XT  2(1-  X2T2)  2  (1-  X2T2) 
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This  shows  that  F-CSCAN  is  always  worse  than  CSCAN.  Furthermore, 
the  discrimination  against  certain  requests,  that  CSCAN  had 
eliminated,  has  re-appeared.  This  discrimination  is 
aonotonically  increasing  as  we  move  from  x=0  to  x=1.  This  is 
because  any  arriving  request  must  wait  for  the  current  scan  to 
finish,  for  the  head  to  be  repositioned,  and  finally  for  the 
head  to  reach  the  position  of  the  request.  The  mean  of  the  first 
two  components  is  the  same  for  all  requests,  but  the  last 
component  is  greater  for  requests  near  x= 1  than  for  requests 
near  x=0.  Our  observations  show  that  F-CSCAN  is  a  poor  rule  to 
use. 

Analysis  of  SSTF 

The  SSTF  policy  is  far  more  difficult  to  analyse  than  other 
policies,  mainly  because  the  motion  of  the  disk  head  is 
probabilistic  not  only  in  speed  but  in  direction.  Some  behaviour 
under  SSTF  has  been  analysed  by  several  authors  <1,8>,  but  no 
one  has  yet  succeeded  in  obtaining  expressions  similar  to  (12), 
(13),  or  (25).  In  this  section,  we  provide  some  methods  of 
attack  to  this  problem. 

We  first  present  a  derivation  of  mean  seek  time  conditioned 
on  the  number  in  system,  N.  Denning  <1>  has  derived  a  similar 
quantity  which  was  subsequently  modified  by  Merten  <8>  and 
Teorey  and  Pinkerton  <4>.  To  simplify  our  calculations  we  will 
now  assume  that  the  requests  are  distributed  over  (0,1) 
according  to  a  uniform  distribution. 

The  cumulative  distribution  for  the  distance  travelled  on  a 


seek  is  given  by 


. 


- 


. 
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(26)  x<1/2:  Prob  (  x<b| N,x,b<x)  =  1-  (1-2b)N 

Prob  (  x<b|N,x,b>x) =1- (1-b-x)N 

x>1/2:  Prob  (  x<b] N, x, b<  1-x)  =  1- ( 1-2b)N 
Prob  (  x<b| N,x,b>1-x)  =  1-  (x-b)* 

These  expressions  are  not  entirely  valid  since  they  assume 
requests  are  uniformly  distributed  throughout  (0,1).  Of  course, 
it  is  true  that  requests  arrive  uniformly  throughout  the 
interval  (0,1),  but  there  will  usually  be  fewer  waiting  requests 
near  the  head  position  than  far  from  it.  This  is  mainly  a  result 
of  the  fact  that,  in  a  region  farther  from  the  head,  chances  are 
that  a  longer  time  has  elapsed  since  the  head  last  visited  that 
region.  Hence  more  requests  have  accumulated  in  that  area.  The 
above  is  particularly  true  under  heavy  loading.  Thus  our  results 
represent  a  rather  optimistic  bound. 

Assuming  the  validity  of  (26) ,  however,  we  obtain 


(27) 


N  +  1 

|  1-2x1  1 

E  (  X  |  N,  X)  - -  + - 

2{N-H)  2  (N+  1 ) 


Hence,  the  expected  seek  time  conditioned  on  x  and  N  is 


a 


2  (N+1) 


+  1) 


(28) 


E (Tsk | x , N) = 


(I  1*2x1 


. 


. 
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If  lie  assuae  that  the  head  position  is  uniformly  distributed  as 
Denning  <1>  does,  we  obtain 


(29) 


a(N  +  3) 

E  (Tsk  |  N)  - - 

2  (N+1)  (N  +  2) 


The  uniform  assumption  is  not  entirely  justified  for  reasons 
that  have  been  outlined  above  but  the  results  are  intuitively 
satisfying. 

The  corresponding  result  found  by  Teorey  and  Pinkerton  <4> 
using  a  slightly  different  model  is 


(C-I)fi-I 

E  (Tsk |N) =Sain+ (Smax-Smin) - 

2  (C-  1) 

1  1  C 

with  >a= —  (1+ —  { — )  ) 

N+1  N+2  C-1 


Here  C  is  the  number  of  cylinders  and  Smin  and  Smax  determine 
head  speed.  To  get  the  corresponding  result  in  our  model,  we  let 


Smin=0 
Smax=a 
C  ->  oo 


The  resulting  expression  is 


(30) 


a  (N  +  3) 

E  (Tsk  |  N)  - 

2(N+1)  (N  +  2) 


bmm 
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which  of  course  is  identical  to  our  result. 

We  can  proceed  only  slightly  further  with  our  results.  If 
statistical  equilibrium  is  reached,  then  on  the  average  one 
request  will  arrive  in  the  system  in  the  time  it  takes  to  reach 
and  service  another  request.  This  is  primarily  because  seek 
times  depend  on  the  number  in  system.  Expressed  mathematically, 
this  argument  implies  that 

<31)  \(E  (Tsk)  +T)  =  1 

It  must  be  pointed  out  that  this  equation  is  an  approximation 
which  is  valid  only  when  the  disk  does  not  spend  an  appreciable 
amount  of  time  waiting  for  another  request.  If  this  is  not  the 
case,  then  SSTF  behaves  much  like  FIFO  with  W  r^>  a/  3  ■ 

Now,  if  we  consider  E(TskjN)  to  be  a  continuous  function  of 
N,  we  observe  that  it  is  a  monotonically  decreasing  function 
over  the  interval  [0,°°),  taking  values  from  3a/4,  at  N=0,  to  the 
limit  of  0  as  Consequently,  (i)  the  value  of  E(Tsk)  must 
be  in  the  interval  [0,3a/4],  and  (ii)  there  must  be  some  ft,  such 
that  E (Tsk  jft) =E  (Tsk) .  Substituting  E  (Tsk  J  N )  into  (31),  we  obtain 


an  expression  which  we  may  solve  for  N. 


N  - - ♦ 


2$ 


-i  A 

2c 


with  c=2/a(1/X*T) 


(32) 


' 


. 
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It  is  easy  to  see  that,  if  there  are  N  in  system,  we  can  expect 
one  request  to  arrive  in  the  time  it  takes  to  service  one 

A/ 

request,  Hore  specifically,  we  can  state  that,  if  N>N, 
(E  (Tsk | N) +1) <1  and  the  number  in  system  will  tend  to  decrease. 
Symetrically ,  if  N<N,  the  number  in  system  will  tend  to  grow.  In 
some  sense  then,  the  number  in  system  tends  to  adjust  itself  to 
a  value  close  to  ft.  Since  we  have  argued  that  the  number  in 
system  will  be  close  to  N  most  of  the  time,  we  may  assume,  as  a 

—  r*J 

first  approximation,  that  N=N.  Admittedly,  this  approach  is  far 


from  adequate. 

but  the 

exact  evaluation 

of 

N  requires  a 

probability 

distribution 

for  the 

number 

in 

system.  The 

derivation 

of 

this  distribution 

would 

seem 

to  be  quite 

difficult.  Using  the  standard  queueing  theory  result,  W=N/A,  we 
get 


(33) 


2t 


(3  c-  1 )  J(3  c-1)2-4c(2c- 


3) 


2c 


This  expression  for  the  SSTF  policy  can  be  compared  to  (12), 
(13),  and  (25)  if  the  dependence  on  x  is  removed  from  all  of 
them.  Since  a  request  is  equally  likely  to  arrive  anywhere  on 
(0,1)  this  is  easi  iy  accomplished. 


' 
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To  make  the  comparison  of  the  different  policies  more 
graphic,  we  have  plotted  them  together.  For  the  disk  dependent 
parameters,  a  and  T,  we  have  chosen  the  following  values  which 
are  representative  of  an  IBM  2314: 

a  =  100  as 
T  =  25  as 

For  simplicity,  we  have  assumed  a  uniform  distribution,  f(x)=1. 

At  low  loading,  the  ordering  of  policies  from  best  to  worst 
is  SCAM,  CSCAN ,  FSCAN,  and  F-CSCAN.  CSCAN,  at  worst,  results  in 
twice  the  waiting  time  compared  to  SCAN  at  x=1/2.  Over  most  of 
the  disk  F-CSCAN  is  the  worst  policy. 

At  heavy  loading,  the  above  ordering  is  maintained.  The 
difference  between  SCAN  and  CSCAN  is  larger,  but,  of  particular 
interest,  is  the  worsening  character  of  FSCAN  and  F-CSCAN. 

The  comparison  of  mean  waiting  times,  over  all  disk 
addresses,  as  a  function  of  X  shows  that  SSTF  is  the  best  policy 
(using  our  optimistic  results) .  SCAN  is  not  far  behind  and  if 
the  variance  of  waiting  time  is  significantly  lower  than  in  the 
case  of  SSTF,  then  SCAN  is  probably  a  better  schedule  to  use. 
CSCAN  and  FSCAN  are  slightly  worse  than  SCAN  but  neither  policy 
discriminates  against  requests  at  particular  disk  addresses. 
Consequently,  at  heavy  loading,  these  rules  may  be  "better"  than 
SCAN, 

The  overload  point  of  all  of  these  schedules  occurs  at 

A  =  1/T 


=  40  sec* 


. 


■ 
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CONCLUSION 

The  results  of  our  analyses  and  our  comparisons  with  other 
results  show  that  overall  SCAN  and  CSCAN  are  the  best  scheduling 
policies.  Although  SCAN  always  produces  better  expected  waiting 
times,  we  have  argued  that  the  variance  of  waiting  time  under 
CSCAN  will  be  lower.  Based  on  our  previous  arguments,  we  can  see 
that  the  difference  in  variance  should  be  particularly 
noticeable  when  the  system  is  heavily  loaded.  leorey  and 
Pinkerton  <4>,  using  simulation  and  a  heuristic  to  determine  the 
'•best"  schedule,  have  concluded  that  at  low  loading  levels,  SCAN 
is  the  best  policy  while  at  heavy  loading  the  low  variance  of 
CSCAN  makes  it  the  best  rule  to  use.  These  conclusions  are 
confirmed  by  our  results. 
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